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Abstract
The coxsackie B virus and adenovirus receptor (CAR) functions as an attachment receptor for multiple adenovirus serotypes. It has been
shown that apart from virus–cellular receptor interactions, the fiber shaft length also influences viral tropism. We therefore generated
Ad5Fb639 virus with 8-repeats in the shaft, instead of the 22-repeats present in the wild-type. Here, we show that the extent of
attachment of the virus with shortened fiber to CAR-expressing cells was three- to fivefold lower than that of the wild-type. Transduction
studies, however, clearly showed that infection of CAR-expressing cells with Ad5Fb639 was strongly impaired by comparison with the
wild-type virus. Since this impairment was not linked to a proportional reduction in binding to cells, it appeared to be linked to
subsequent/later events in infection. A similar decrease in efficacy of postbinding steps was also evidenced in cells that did not express CAR.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Recombinant adenovirus type 5 (Ad5) is a powerful
vector for gene therapy and vaccination since it infects
both proliferating and nonproliferating cells and is well
studied and easy to propagate (Benihoud et al., 1999;
Klonjkowski et al., 1999; Russell, 2000). Adenoviruses
(Ads) of all subgroups except subgroup B infect a wide
variety of cells by attachment of the viral fiber protein to
the coxsackie B virus and adenovirus receptor (CAR)
(Bergelson et al., 1997; Tomko et al., 1997). After at-
tachment, Ads are internalized through interaction of
RGD motifs on the penton base with v3, v5, and
v1 integrins on the cell surface (Li et al., 2001; Nem-
erow, 2000; Wickham et al., 1993). The fiber protein of
adenovirus consists of a C-terminal globular head that is
thought to be the main determinant of viral tropism
(Henry et al., 1994; Louis et al., 1994; Stevenson et al.,
1995), a shaft and a short N-terminal tail. In human Ads,
the rod-like fiber shaft contains repeats of up to 14 amino
acids that form -sheets, with the number of repeats
ranging from 6 (in Ad3, Ad11, and Ad35) to 23 (in
Ad12). The fiber protein is anchored to the penton base at
vertices of the viral icosahedron. The fiber is a homotri-
mer in which the three identical fiber polypeptides are
arranged in a parallel orientation (Stouten et al., 1992).
Trimerization is crucial for attachment of the fiber to both
the capsid and the cellular receptor (Chroboczek et al.,
1995) and is achieved by a trimerization signal that is
located within the knob region (Hong and Engler, 1996;
Novelli and Boulanger, 1991). Receptor recognition is
one of the key factors involved in viral tropism. A num-
ber of recombinant Ad vectors have been constructed in
an effort to develop effective and specific gene delivery
to target cells. Much attention has been given to modifi-
cation of virus– cellular receptor interactions (Dmitriev et
al., 1998; Douglas et al., 1996; Gall et al., 1996; Kras-
nykh et al., 1998; Wickham et al., 1997). It has been
shown that one of the determinants of viral tropism can
be the length of the fiber molecule. Roelvink and col-
leagues (1998, 1996) suggested that the shorter length of
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the wild-type Ad9 fiber (8-repeats; 11 nm), as compared
with the wild-type Ad2 fiber (22-repeats; 37 nm), could
permit fiber-independent binding and infection through
the direct interaction of penton base with cellular v
integrins. The data obtained by Shayakhmetov and Lieber
(2000) contradict this suggestion; Ad5 vectors with
short-shafted fibers comprising the shaft of Ad9 and
either Ad5 or Ad9 knobs demonstrated decreased attach-
ment and infectivity compared to their long-shafted coun-
terparts. This study clearly demonstrated that the length
and/or the origin of the fiber shaft influenced adenovirus
infection. Recently Seki and colleagues (2002) showed
that “longer-shafted” Ad vectors could be rescued and
that the length of the shaft had no impact on the knob–
CAR interaction compared with the wild-type Ad. Nev-
ertheless, gene transfer efficiencies of longer-shafted
vectors were lower than those of wild-type virus in CAR-
positive cell lines.
The aim of this study was to analyze the role of the
shortened Ad5 fiber in infection. We generated
Ad5Fb639 virus with 8-repeats in the shaft, instead of
the 22-repeats present in the wild-type. We show that
the infection of this virus was strongly impaired in CAR-
expressing cells by comparison with the wild-type virus.
This impairment was not linked to a proportional reduc-
tion in binding to those cells. We therefore conclude that
the well-characterized virus–receptor interactions (knob–
CAR and penton base–integrin) are not the sole determi-
nants of viral infection, which is also modulated by the
length of the fiber molecule.
Results
Characterization of adenovirus with shortened fiber
The number of shaft repeats in the fiber determines the
shaft length. Fiber protein with 8 shaft repeats was con-
structed by deleting amino acids 75 to 288 (deleting
-sheets 3 to 15 and one-third of 16) within the shaft of Ad5
(Fig. 1). The infectivity of a given virus was calculated as
the ratio of physical particles to infectious particles (titrated
in human embryonic kidney cell line (HEK)-293Fb cells).
The infectivity index for Ad5gal was 34, while the same
ratio for Ad5Fb639 was 1619 or 1809 (depending on the
viral preparation used). Thus Ad5Fb639 was 48 to 53
times less infectious than Ad5gal for HEK-293 cells (Ta-
ble 1). The identification of shortened fiber was performed
by SDS–PAGE and Western blotting using monoclonal
antibody 4D2 (RDI) against Ad5 fiber. This antibody rec-
ognizes both monomers and trimers and binds to the N-
terminal region (Hong and Engler, 1991, 1996) that is intact
in 639 fiber. The expected band of approximately 40 kDa
was observed (Fig. 2, lane 639D). Oligomerization was
assayed by means of non-denaturing sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (NDS–PAGE) and
by conventional, denaturing sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS–PAGE). NDS–PAGE
differed from SDS–PAGE in that that the samples were not
denatured by boiling in SDS sample buffer prior to electro-
phoresis. The NDS–PAGE pattern for unboiled wild-type
fiber consisted of trimeric fiber that is visible as wide band
Fig. 1. Schematic representation of the wild-type fiber from Ad5gal and the shortened fiber from Ad5Fb639.
Table 1
Infectivity indices of viral preparationsa
Cells Virus Particles/mlb b.f.u/mlc PFU/mld Particles
(b.f.u)
Particles
(PFU)
HEK-293 Ad5gal 1.3 1012 9.7  1010 3.8  1010 13 34
HEK-293 Ad5Fb639 8.5 1011 7.0  108 4.7  108 1214 1808
HEK-293 Ad5Fb639 3.4 1012 3.1  109 2.1  109 1096 1619
a Each line represents a separate preparation of virus.
b The virus particle concentration (particles per milliliter) was measured by optical density (1 U of optical density at 260 nm corresponds to 1.1  1012
particles per milliliter).
c Blue forming units (b.f.u) per milliliter were determined at 20 h postinfection of HEK-293Fb cells by staining for -galactosidase expression.
d Plaque forming units (PFU) per milliliter were performed by plaque assay on HEK-293Fb fiber complementing cells.
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in the 180-kDa zone and discrete lower molecular weight
band representing dimer fraction from partially unfolded
trimers (Fig. 2, lane wtND). The appearance of a dimer
fraction is not a consequence of problems with folding
and/or assembly, since monomer fraction is hardly visible or
absent (Fig. 2, lane wtD). It is likely that this dimer fraction
originates during electrophoresis. A similar pattern was
observed for 639 fiber, i.e., fiber trimer is visible as wide
band in the 120-kDa zone and lower molecular weight
discrete band represents dimer fraction (Fig. 2, lane
639ND). For 639 fiber, free unfolded monomers are
found, but they account for a very small fraction of the total
protein (Fig. 2, lane 639ND). To compare the level of fiber
protein on Ad5Fb639 viral particles with the levels on
Ad5gal, Western immunoblot analysis was performed.
Equal particle numbers of Ad5Fb639 and Ad5gal were
evaluated for fiber and penton protein levels. Ad5Fb639
contained the expected level of the 40-kDa shortened fiber
protein, equivalent to the level of 62-kDa fiber protein in the
Ad5gal. The equivalent loading of viral particles was
demonstrated by detection of the penton monomer for each
vector (Fig. 3). A comparison of the growth kinetics of
Ad5gal and Ad5Fb639 in HEK-293 and HEK-293Fb
fiber-complementing cells showed that the viruses grew at
similar rates in both cell lines. Figure 4 shows growth
curves obtained after infection of HEK-293 and HEK-
293Fb cells at the same multiplicity of infection (1 plaque-
forming unit (PFU)/cell) for 1 h at 37°C. According to these
data, the number of infectious particles of Ad5Fb639
produced by both cell lines HEK-293 and HEK-293Fb was
about 30 to 40 times lower than the number of infectious
Ad5gal particles. As Ad5Fb639 with short-shafted fiber
demonstrated an infectivity 48 to 53 times lower for both of
these cell lines (Table 1), the number of physical particles
produced per cell appeared to be similar regardless of the
length of the fiber, suggesting that the efficiency of adeno-
virus particle assembly is similar for shortened and wild-
type fiber.
The influence of shortened fiber on attachment
The attachment of Ad particles to target cells could be
the first limiting step in virus infection. To study the impact
of shortened fiber on interaction with primary receptor, we
tested attachment to HEK-293, Chinese hamster ovary cells
(CHO), and CHO cells stably expressing human CAR
(CHO-hCAR) (Bergelson et al., 1997) by flow cytometry.
HEK-293 cells naturally express CAR (Shayakhmetov and
Lieber, 2000), while the selection of CHO and CHO-hCAR
cells permitted investigation of whether the shortened fiber
in Ad5Fb639 could overcome the necessity of binding to
CAR by allowing direct interaction with v integrins.
Ad5Fb639 and the control wild-type virus Ad5gal did
not bind at detectable levels to CHO cells, even in the
presence of 104 physical particles per cell (Fig. 5), in line
with the previous demonstration that these cells are weakly
permissive to Ad5 infection due to a very low expression of
CAR (Bergelson et al., 1997; Shayakhmetov et al., 2000).
To determine the attachment efficiency of Ad5Fb639 and
wild-type Ad5gal with greater precision, we placed HEK-
Fig. 3. Western immunoblot analysis of the Ad5 fiber and penton capsid
proteins. An equivalent number of adenovirus particles for the indicated
vectors were subjected to denaturing SDS–PAGE and Western immuno-
blot analysis. For the detection of the fiber protein incorporated onto the
adenoviral capsid, the membrane was incubated with the mouse monoclo-
nal antibody clone 4D2 (RDI). For detection of the penton capsid protein,
the same membrane was incubated with antipenton monoclonal antibody—
1D2. The binding of both antibodies was detected by anti-mouse horse-
radish peroxidase conjugated secondary antibody and chemiluminescence.
Lane wt, Ad5gal; lane 639, Ad5Fb639.
Fig. 2. Recombinant fiber, ability to trimerize. Ad5gal (wt) and
Ad5Fb639 (639) purified by ultracentrifugation in CsCl gradient (1010
physical particles per lane) were analyzed by SDS–PAGE (D) and NDS–
PAGE (ND), and viral proteins were electrically transferred to nitrocellu-
lose membrane. Blot was incubated with mouse monoclonal antibody clone
4D2 (RDI), which recognizes monomer and trimer of Ad5 and binds to
N-terminal region of fiber protein. Finally, blot was incubated with horse-
radish peroxidase conjugated secondary antibody, and the bands were
visualized by chemiluminescence.
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293 cells in contact with different numbers of physical
particles per cell (from 104 to 39 physical particles/cell).
The attachment of two different Ad5Fb639 stocks and
Ad5gal was tested. We expressed the attachment to HEK-
293 cells as the mean value of cell-associated fluorescence.
Figure 6 shows that Ad5Fb639 virus was able to attach
Fig. 4. Growth characteristics of viruses Ad5Fb639 and Ad5gal on HEK-293 and HEK-293Fb cells. HEK-293 cells and HEK-293Fb cells were infected
at an m.o.i. of 1 IU/cell with Ad5Fb639 or Ad5gal. Infected cells and supernatant were harvested at 24, 48, 72, and 96 h postinfection and were treated
by three freeze-thawing cycles to release virus particles. Titers of released viruses were determined on HEK-293Fb cells by -galactosidase staining. Each
data point represents the average for duplicate infected cultures.
Fig. 5. Attachment of Ad5Fb639 and Ad5gal on CHO and CHO-hCAR cells. 5  105 CHO and CHO-hCAR cells were incubated in 50 l of PBS for 1 h on
ice with 10,000 physical particles per cell of Ad5gal and Ad5Fb639. Subsequently, cells were washed twice with PBS and incubated with monoclonal antibodies
specific for penton (1D2, 150 l of hybridoma supernatant) for 30 min on ice. Cells were washed twice and incubated with 3.5 l of anti-mouse PE (DAKO) for
30 min on ice. Cells were finally washed three times with PBS and analyzed by flow cytometry. Fluorescence intensity is plotted against the number of events
(counts). The fluorescence measured in the presence of only secondary antibody (anti-mouse Pe) is shown in black. The fluorescence for Ad5Fb639 is depicted
in gray, and the fluorescence for Ad5gal is depicted in black. The two overlaps are seen on the right; the fluorescence for Ad5Fb639 in gray, and the fluorescence
for Ad5gal in black.
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(only) threefold less efficiently (average difference between
two virus stocks using 2500 physical particles per cell) than
the wild-type Ad5gal to HEK-293, while for CHO-hCAR
cells (using 10,000 physical particles per cell) this reduction
was fivefold (Fig. 5).
The influence of shortened fiber on transduction
To monitor the infectivity of short-shafted Ad vector in
the presence or absence of CAR, we compared transduction
of CHO-hCAR and CHO cells by Ad5Fb639 and the
wild-type Ad5gal. The results from transduction studies
based on analysis of the number of -galactosidase-express-
ing cells (blue forming units or b.f.u.) are presented in Fig.
7. The most striking result was the demonstration that
Ad5Fb639 was 66037-fold less infectious than Ad5gal
for CHO-hCAR cells, a far greater diminution than the
fivefold reduction observed in binding. In CHO cells,
Ad5Fb639 was 1382-fold less efficient than Ad5gal, but
as binding was too low to be quantifiable, it was impossible
to determine whether a similar discrepancy between the
reduction in binding and entry also occurred. As also shown
in Fig. 7, the infectivity of Ad5Fb639 for CHO-hCAR
cells was similar to that for CHO cells (ratio of infectivity
2.8), while the infectivity of Ad5gal was much greater for
CHO-hCAR cells than for CHO cells (ratio of infectivity 
135).
Discussion
While significant progress has been made in the identi-
fication of receptors for adenovirus, several gaps exist in our
knowledge. Previous data did not allow a clear conclusion
to be drawn regarding the role of fiber shaft length in
Ad–host cell interactions. The goal of this study was thus to
investigate the role of the Ad5 fiber length in CAR- and
non-CAR-mediated infection. We describe here the con-
struction and the analysis of the mutant adenovirus
Ad5Fb639 with 8-repeats in the shaft, instead of the
22-repeats present in the wild-type Ad5 (Fig. 1). We found
that fiber 639 formed stable trimers (Fig. 2) and that the
level of 639 fiber protein incorporated into Ad5Fb639
virions was equivalent to the level of fiber protein in the
Ad5gal wt particles (Fig. 3). In this regard Legrand et al.
(1999) reported that virus assembly is efficient in the ab-
sence of fiber. Nevertheless, the fiber has additional func-
tions besides its role in the stabilization of the viral capsid
and binding to cellular receptors. We observed that
Ad5Fb639 and Ad5gal produced a similar number of
physical particles in both cell lines (Fig. 4), taking into
account the observed 48- to 53-fold lower infectivity of
Ad5Fb639 viruses. Folding studies on adenovirus type 2
(Ad2) (Mitraki et al., 1999) have identified a stable domain
of the Ad2 fiber comprising the head plus five shaft repeats
and its crystal structure has been solved at 2.4 Å resolution,
revealing a novel folding motif for the shaft domain, named
the triple -spiral. In our studies we shortened the fiber of
Ad5, which is highly homologous to that of Ad2. The
deletion made in Ad5Fb639 lies in the central part of the
repetitive shaft domain, thus leaving the five stable domains
intact. Recently, Chiu et al., (2001) showed that the Ad37
fiber is straight and rigid and that fiber flexibility or rigidity,
as well as its length, can affect receptor usage. The same
group also showed by cryo-EM studies that the Ad5 fiber
shaft is bent due to the presence of a nonconsensus -repeat
motif (Ruigrok et al., 1990). Since this nonconsensus -re-
peat (third repeat) is deleted in Ad5Fb639, the shaft in our
mutant should be rigid.
The attachment studies performed by flow cytometry on
HEK-293, CHO, and CHO-hCAR cells suggested that
Fig. 7. Transduction efficiency of Ad5gal and Ad5Fb639 in CHO and
CHO-hCAR cells. Ad5gal and Ad5fb639 were normalized for physical
particle (p.p.) number (2  108/50 l) and both cell types were infected
with twofold serial dilutions. Blue cells were counted 2 days postinfection.
At the dilution which gave the highest number of countable blue cells, the
ratio of b.f.u. to physical particles was calculated. Results are given as the
b.f.u./p.p.  104 ratio.
Fig. 6. Attachment of Ad5gal or Ad5Fb639 on HEK-293 cells. 5  105
HEK-293 cells were incubated in 50 l of PBS for 1 h on ice with different
numbers of physical particles of Ad5gal and Ad5Fb639. Subsequently,
cells were washed twice with PBS and incubated with monoclonal anti-
bodies specific for penton (1D2, 150 l of hybridoma supernatant) for 30
min on ice. Cells were washed twice and incubated with 3.5 l of anti-
mouse PE (DAKO) for 30 min on ice. Cells were finally washed three
times with PBS and analyzed by flow cytometry. Results are expressed as
the mean value of cell-associated fluorescence.
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Ad5Fb639 binds to CAR molecules. We observed, how-
ever, that Ad5Fb639 attached slightly less efficiently than
the wild-type Ad5gal to the two tested CAR-expressing
cell lines, HEK-293 and CHO-hCAR (threefold and five-
fold, respectively). It has been shown that the Ad9 fiber
knob binds to CAR with a much reduced affinity compared
to binding by Ad5. Thus, the interaction between various
Ad serotypes and CAR, although similar, is not identical
(Kirby et al., 2001). Ad9 has a short fiber consisting of only
8-repeats (Roelvink et al., 1998). The fiber of the
Ad5Fb639 virus used in our experiments comprised the
Ad5 knob, but mimicked the length and rigidity of Ad9,
suggesting two possible explanations for its less efficient
attachment. The first is the presumed rigidity of the short-
ened Ad5 fiber, as previously discussed, and the second is
possible repulsion between acidic charges carried by the
Ad5 capsid and those present on the cell surface. This latter
effect has been described by Shayakhmetov and Lieber
(2000), using the virus Ad5S whose fiber comprises the Ad5
knob and the short shaft from Ad9 (8-repeats), while our
study concerns native Ad5 fiber shortened to 8-repeats,
thus approximating the number of repeats in Ad9.
Ad5Fb639 demonstrated significantly decreased infec-
tivity for HEK-293Fb cells. Similarly, Ad5gal infected
CHO-hCAR much more efficiently (66037-fold) than did
Ad5Fb639. These results support the hypothesis that bind-
ing to CAR was not followed by similarly efficient post-
binding entry for the two viruses. It is probable that, once
attached to CAR, the penton base RGD motif of
Ad5Fb639 cannot bind efficiently to v integrins. Our
results are consistent with the model proposed by Chiu et
al., (2001) that Ad types with long, bent fibers such as Ad5
contact CAR with the side of the fiber knob. Since
Ad5Fb639 contains the fiber knob from Ad5 and a short,
rigid fiber, there could be steric hindrance between the viral
capsid and the host cell membrane. It is possible that only
virions that bind to integrins are internalized while those
(that remain) attached to CAR on the cell surface do not.
The fact that Ad5Fb639 infectivity for CHO and CHO-
hCAR cells was similar suggests that the entry of
Ad5Fb639 is dependent to a very small extent, if at all, on
the presence of CAR on the cell surface. Apart from the
inefficient entry of viruses bound to the CAR receptor, the
entry of the fiber-shortened virus could also be impaired for
CAR-independent pathways. Therefore, our results contra-
dict the suggestion by Roelvink et al. (1998) that generation
of Ad5 recombinants with short shafts would enable target-
ing of Ad vectors directly to v integrins and hence permit
efficient infection by a CAR-independent pathway.
In the literature, two examples of shortened Ad5 fibers
have been described. First, Santis et al. (1999) constructed
fiber F5-dl 216-314, which has a deletion of aa 216-314
(repeats 12-17) within the shaft. This fiber retains 16 of the
22 -repeats present in the wild-type Ad5 fiber, including
the third repeat that enables the fiber to bend. It formed
stable trimers and penton structures, but its ability to assem-
ble with penton base appeared significantly impaired, sug-
gesting that this deletion influenced the efficiency or stabil-
ity of the interaction between the penton base and the tail of
the fiber protein. The binding affinity of mutant F5-dl 216-
314 fiber for CHO-hCAR cell receptors was similar to that
of the wild-type Ad5 fiber (Santis et al., 1999). While the
data regarding the infectivity index (the ratio of physical
particles to infectious particles) are unavailable for this
virus, the virus titer (PFU per cell) of this mutant virus was
100 times lower than that of the wild-type. The authors
concluded that this might be a consequence of the impaired
ability of the fiber F5-dl 216-314 to assemble with the
penton base (Santis et al., 1999). The second example of
shortened fiber is provided by Magnusson and colleagues
(2001), who “deknobbed” the fiber by removing the fiber
sequence C-terminal of the seventh shaft repeat. They added
an extrinsic trimerization signal and an RGD-integrin bind-
ing motif as a cell-binding ligand. It should be noted that
this virus retained the third repeat; i.e., Fib7-RGD could
bend. Comparison of the infectivity index of the wild-type
and recombinant Ad5/FibR7-RGD virus showed that the
mutant virus was 20 times less infectious than the wild-type.
Growth curves in HEK-293 cells showed that the plateau of
infectious progeny yields was 100-fold lower. The low
infectivity of this vector was due to the presence of about 10
times less fiber than in the wild-type.
Finally, several hypotheses could be proposed to explain
the large difference in entry of Ad5Fb639 despite an only
moderate difference in binding. First, the observed weak
(inefficient) cell entry of short-shafted fiber-containing Ad5
vectors could be due to repulsive acidic charges carried by
the Ad5 capsid and present on the cell surface (Shayakh-
metov and Lieber, 2000). Second, a correct spatial arrange-
ment of knob and penton base RGD motifs may be critical
for efficient viral binding and entry. The rigidity and the
localization of the CAR binding site in the Ad5Fb639 fiber
provides a third hypothesis for the diminution in the infec-
tivity of Ad5Fb639. The fourth hypothesis arises from a
recent work of Magnusson and colleagues (2001), who
constructed a fiber that bound to a ligand other than CAR
and only seven shaft repeats. These viruses were as infec-
tious as the wild-type virus. Thus the influence of shaft
length can vary with the ligand used. Finally, these four
factors could be additive and could account for the lower
infectivity of Ad5Fb639 compared with the wild-type
Ad5.
Significant work is being done in the development of
viruses with specifically altered tropism. New knowledge of
Ad5 entry mechanisms may enable the development of
improved targeted viral vectors. Our strategy contributes to
a better understanding of how fiber length influences the
Ad-target cell infection. Finally, although the molecular
bases remain to be elucidated, it is clear that the fiber shaft
length is a very important factor to consider in designing
new fiber molecules.
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Materials and methods
The cell lines
The cell-line HEK-293 (Graham et al., 1977) and HEK-
293Fb (fiber complementation cell line, generously supplied
by Transgene) were used. These cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS, Gibco). CHO and CHO-CAR
(Bergelson et al., 1997) that constitutively express the hu-
man CAR were grown in -minimal essential medium (-
MEM; Gibco) supplemented with 10% FBS (Gibco). All
cells were grown at 37°C with 5% CO2.
Generation of recombinant Ad genomes
All cloning steps were performed by using standard
molecular biology techniques (Sambrook et al., 1989). To
generate recombinant Ad5 genomes, a fiber shuttle vector
was constructed using pUC18 (Stratagene). To construct the
shuttle vector, the BamHI-MunI fragment of 2.1 kb, which
contains the fiber gene, was cloned in pUC18 in between
BamHI and XbaI sites after treatment of MunI and XbaI
restriction sites with T4DNA polymerase. For pAd5Fb639
the fiber gene was shortened by digestion with NaeI and
Bsp120I, where Bsp120I site was treated with T4DNA poly-
merase. The shortened fiber construction was subcloned
into pBluescriptFb which contains adenovirus sequence
from nt 27351 to 32452, using BamHI and HindIII restric-
tion sites. Finally the shuttle plasmid was enlarged by ade-
novirus sequence, i.e., from nt 23521 to 32452, and a re-
sulting plasmid was named pBluescriptFb639. For further
rescue of entire adenovirus genomes, homologous recom-
binations in Escherichia coli BJ 5183 (recBC sbcBC) were
performed as described elsewhere (Chartier et al., 1996).
Briefly, plasmid pBluescriptFb639 was digested by PvuI,
which cuts in the pBluescript backbone, and was cotrans-
formed in E. coli BJ5183 with SpeI-linearized ptgRSVgal.
PtgRSVgal is a plasmid containing the full-length Ad5
genome with a -galactosidase reporter gene driven by
Rous sarcoma virus promoter in a E1 region (Arrabal et al.,
2001). The resulting recombinant plasmid was named
ptgAd5Fb639.
Virus generation and titration
Plasmid ptgAd5Fb639 was restricted with PacI, and
the enzyme was inactivated by heating on 65°C for 20 min.
Transfection into HEK-293 cells was performed using Li-
pofectamine (Gibco) according to the manufacturer’s rec-
ommendations, with 2 g DNA and 12 l Lipofectamine in
each 35-mm well. For amplification, HEK-293 or HEK-
293Fb cells were infected with viruses multiplied on HEK-
293Fb fiber complementing cell line, to obtain a higher
percentage of infected cells. Viruses were banded in CsCl
gradients; the CsCl was removed by PD-10 columns (Am-
ersham) and viruses were stored in aliquots with 10% of
glycerol. The virus particle concentration was measured by
optical density according to the protocol described by Mit-
tereder and colleagues (1996). Adenovirus b.f.u. and PFU
were determined on HEK-293Fb-complementing cells
plated in 35-mm culture plates. Cells confluent about 80%
were incubated for 1 h with different dilutions of virus in a
total volume of 1 ml. For b.f.u. medium was removed and
fresh medium was added. Twenty-four hours later cells
were stained for -galactosidase expression. For PFU me-
dium was removed and cultures were overlaid with 1%
sea-plaque agarose (ICN)–minimal essential medium–2%
FCS. Two weeks after infection plaques were counted.
Kinetics of virus growth
The rate of virus growth was determined as follows.
HEK-293 or HEK-293Fb cells were infected with Ad5gal
or Ad5Fb639 at the same multiplicity of infection (1
PFU/cell) for 1 h at 37°C. Viruses were removed and
complete medium was added. Cells were harvested at dif-
ferent times postinfection (24, 48, 72, and 96 h) and intra-
cellular viruses were released by three freeze-thawing cy-
cles. Titers of released viruses were determined on HEK-
293Fb cells by -galactosidase staining.
Antibodies and Western blot
The mouse monoclonal antibody 4D2, anti-Adenovirus
fiber protein (monomer and trimer) (RDI), recognizes both
fiber monomers and trimers. It binds to the N-terminal
region of fiber protein (Hong and Engler, 1991, 1996). The
monoclonal antibody 1D2 recognizes the adenovirus penton
base and has been described elsewhere (Hong et al., 2000).
Viral particles were boiled for 3 min in Laemmli buffer
(5) and loaded onto a SDS–8% polyacrylamide gel. The
proteins were transferred to a nitrocellulose membrane and
the membrane was blocked for 1 h at room temperature in
PBS containing 0.1% Tween 20 and 5% dried milk. The
blocked membrane was incubated for 3 h with a 1:1000
dilution of the 4D2 and for another 3 h in 1D2 hybridoma
supernatant. The membrane was then developed with a
1:2000 dilution of the horseradish peroxidase conjugated
secondary antibody (Amersham, Life Sciences) by using
ECL chemiluminescence (Amersham, Life Science).
Flow cytometry
Adherent HEK-293, CHO, and CHO-hCAR cells were
grown in tissue culture dishes, detached with Versene
(Gibco), and washed twice with PBS (Gibco). After wash-
ing, the cells were resuspended in PBS. Cells (5  105)
were incubated in 50 l of PBS for 1 h on ice with Ad5gal
and Ad5Fb639 (with both Ad5Fb639 preparations from
Table 1 and a varying number of physical particles per cell).
Subsequently, cells were washed twice with PBS and incu-
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bated with monoclonal antibodies specific for penton (1D2,
150 l of hybridoma supernatant) for 30 min in ice. Cells
were washed twice and incubated with 3.5 l of anti-mouse
Pe (DAKO) for 30 min in ice. Cells were then washed three
times, fixed in PBS–1% paraformaldehyde, and analyzed by
flow cytometry.
Transduction assay
CHO and CHO-hCAR cells (2  104) were plated in
96-well plates. The wild-type virus Ad5gal and both virus
stocks of Ad5Fb639 were normalized for physical particle
number (2  108/50 l) and 4 h later cells were infected (in
quadruplicate) with serial twofold dilutions of viruses. For-
ty-eight hours after infection, cells were fixed with 0.5%
glutaraldehyde and stained for -galactosidase expression.
The number of stained cells was determined by light mi-
croscopy.
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